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In order  to test  the  response  of  phytoplankton  to  anthropogenic  pressure,  data  of chlorophyll  a concen-
tration,  phytoplankton  abundance,  and  composition  are  analyzed  in relation  to  anthropogenic  pressure
gradient  and  environmental  variables  such  as  temperature,  salinity  and  nutrients.  Investigated  sites
encompassed  wide  tropic  range  according  to a preliminary  determination  of anthropogenic  pressure,
quantiﬁed  through  the  LUSI  index.  Statistical  analyses  indicated  nitrates  and  silicates  as proxies  of
freshwater  inﬂuence,  and  phytoplankton  single  metrics  such  as concentrations  of  chlorophyll  a  and  abun-
dances  as indicators  of anthropogenic  pressure.  Boundary  values  for different  water  quality  classes  for
coastal  waters  under  indirect  freshwater  inﬂuence  (Type  II) are  obtained  according  to  gradient  betweeniversity
FD
SFD
concentration  of chlorophyll  a and pressure  index  (LUSI),  which  empirically  ﬁt  to exponential  equation.
The  response  of phytoplankton  diversity  was  not  linear,  as  the  highest  diversity  was  observed  in  the
area  with  intermediate  disturbance  level.  CCA  analysis  identiﬁed  Skeletonema  marinoii,  Scrippsiella  tro-
choidea,  Guinardia  ﬂaccida,  Leptocylindrus  spp.,  Prorocentrum  spp., Proboscia  alata,  Eutreptiella  spp.,  and
Pseudonitzschia  spp.  as  local  eutrophication  indicators,  whose  abundances  increased  with  nutrients  loads.
©  2015  The  Authors.  Published  by Elsevier  Ltd.  This  is an  open  access  article  under  the  CC  BY-NC-ND. Introduction
Eutrophication as one of the oldest and major threats in coastal
ones around the globe is well documented in scientiﬁc literature
Marasovic´ et al., 2005; Smith et al., 2006; Garmendia et al., 2012;
ebilo et al., 2013). Within the European marine environment,
utrophication related processes are recognized as a problem to be
onitored and managed by European directives, which established
he framework for the protection of inland surface, transitional,
oastal, and ground waters. Due to differences in operative indica-
ors and assessment methodologies, it is often difﬁcult to compare
utrophication status among regional marine water bodies. So far,
rophic status assessment in the Adriatic Sea was mostly based on
hlorophyll a concentration (Weinbauer et al., 1993; Zavatarelli
t al., 2000) and TRIX index (Penna et al., 2004; Mozeticˇ et al., 2008).
here are also rare studies on trophic status assessment based
n phytoplankton density and biovolume (Vilicˇic´, 1989). All these
ssessments were done without distinct criteria for classiﬁcation
∗ Corresponding author at: IOF, Sˇetalisˇte I. Mesˇtrovic´a 63, 21000 Split, Croatia.
el.:  +385 21 408015; fax: +385 21 358650.
E-mail address: nincevic@izor.hr (Zˇ. Nincˇevic´-Gladan).
ttp://dx.doi.org/10.1016/j.ecolind.2015.03.018
470-160X/© 2015 The Authors. Published by Elsevier Ltd. This is an open access article unlicense  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
of different water types and they encompassed both naturally
and anthropogenically induced eutrophication in the Adriatic Sea.
However, the implementation of the European directives requires
the development of ecologically-based classiﬁcation systems for
anthropogenically-induced pressures in all types of water bodies.
Due to its importance as primary producer in marine food webs,
pivotal role in marine ecosystem processes and fast response to
the changes in nutrient loads and environmental conditions, phyto-
plankton is one of crucial biological elements considered within the
Water Framework Directive (WFD). In accordance with the WFD,
phytoplankton parameter should be expressed through phyto-
plankton biomass, composition, abundance, and bloom frequency.
These indices are also to be used in good environmental status (GES)
assessment within 4 out of 11 qualitative descriptors contained in
Marine Strategy Framework Directive (MSFD): Biodiversity (D1),
Non-indigenous species (D2), Marine food web  (D4), and Eutrophi-
cation (D5).
Technical and scientiﬁc work for the purposes of the Water
Framework Directive (WFD) has been carried out in the coastal
and transitional waters across the European Union. The coastal
and transitional waters intercalibration exercise was carried out
within four Geographical Intercalibration Groups (GIGs) – Baltic,
Black Sea, Mediterranean, and North East Atlantic. According to the
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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eport of Mediterranean intercalibration group (MED GIG) for phy-
oplankton, water typology has been deﬁned through the salinity
lasses (WFD, Intercalibration technical report, 2009). Relation-
hip between phytoplankton components and salinity has been
ell documented, and shown to be important in many cases
Levandowsky, 1972; Ahel et al., 1996; Marshall et al., 2006).
The aim of this study is to (1) contribute to the implementation
f European directives in Croatian waters, (2) test the response of
uggested phytoplankton indices to environmental disturbance, (3)
elect the most appropriate metrics for phytoplankton community
hat clearly signals the anthropogenic pressure, (4) describe the
hytoplankton classiﬁcation metrics for the assessment of ecolog-
cal status of Croatian coastal water type II.
In the present study, the methodology of water quality assess-
ent has been developed on 7 years dataset collected at sites which
re not directly affected by freshwater inputs with annual salinity
ean between 34.5 and 37.5 and belong to Type II according to
eport of MED  GIG phytoplankton group.
. Material and methods
.1. Study area
The study area encompasses coastal waters under indirect fresh-
ater inﬂuence, which constitute the major part of coastal waters
n Croatia. Sampling was performed in three bays with different
ydrophysiological characteristic along the Croatian eastern Adri-
tic coast (Fig. 1).
Station SB 203 (Fig. 1A) is located outside the Sˇibenik Bay and
s under the inﬂuence of Krka River. Station’s depth is 13 m and
istance from the nearest land is 760 m.  Since vertical distribu-
ion of density is more inﬂuenced by temperature then salinity, the
ighest stability of water column is observed during the summer
hen seasonal thermocline appears. In the winter period, a nega-ive thermocline can occur due to freshwater inﬂow in the surface
ayer.
Stations ST101 and ST103 are located in the Kasˇtela Bay, dis-
anced from the nearest land by 1500 and 550 m,  respectively, while
Fig. 1. Investigated area wiIndicators 56 (2015) 106–115 107
station CJ007 is located out of the Bay with the distance from the
nearest land of 5300 m (Fig. 1B). Kasˇtela Bay is a semi-enclosed bay
(area 61 km2), which is under considerable anthropogenic inﬂu-
ence due to agricultural areas extending along its northern coast
and municipal and industrial efﬂuents that enter the Bay. The Bay
communicates with the adjacent sea through a relatively wide
(1.8 km)  and deep mouth (mean depth about 40 m).  The most
important inﬂux of fresh water to this Bay is the river Jadro.
Station PL105 is located in the inner part of Mali Ston Bay with
the distance from the land of 300 m (Fig. 1C). The Bay is located at
the end of the Neretva Channel. The outer part is under the inﬂu-
ence of River Neretva, while this inﬂuence diminishes toward the
inner part of the Bay (Vukadin, 1981). A special feature of the Bay is
related to its complex hydrology, characterized by strong ground-
water springs in the inner part of the Bay and the large fresh water
inﬂow of Neretva River in the outer part of the Bay. Owing to the
hydrographical features and favorable primary production, the Bay
is a suitable area for cultivating shellﬁsh, and shellﬁsh farms are
historically located there. Today it is one of the most important
locations for shellﬁsh farming in Croatia.
2.2. Physical and chemical conditions
Sampling of all analyzed physical, chemical and biological
parameters was  performed simultaneously within the frame of
national monitoring program “Jadran” in the 2001–2007 period.
Sampling was performed on monthly basis, with at least seven
sampling occasions per year (all seasons included). Temperature
and salinity were measured with an IDRONAUT 316 CTD probe
(during 2001–2004) and after that period measurements were per-
formed with a Seabird-25 CTD probe. The data obtained during
all cruises were averaged for each meter of depth following the
manufacturer’s recommended procedure (Seabird Manual).Dissolved inorganic nutrient concentrations (nitrates, nitrites,
ammonia, orthophosphates, and silicates) were determined col-
orimetrically with an AutoAnalyzer-3, according to Grasshoff
(Grasshoff, 1976).
th sampling stations.
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Table 1
Land uses simpliﬁed index scoring system according to Flo et al., 2011 slightly
modify. Index quantifying potential pressures according to percent of land used
in  various anthropogenic activity.
Urban (%) Agricultural (%) Industrial (%) Harbor (%) Score
<3 <10 <10 0
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33–66 >40 >30 >10 2
>66  >60 3
.3. Phytoplankton data
Phytoplankton data including concentration of chlorophyll a
nd phytoplankton community composition were collected at
nvestigated stations in the period from 2001 to 2007 simul-
aneously with nutrients and CTD sampling. A total of 270
amples were analyzed. Chlorophyll a concentrations were deter-
ined ﬂuorometrically from 90% acetone extracts (Strickland and
arsons, 1972). Phytoplankton abundance and community compo-
ition have been determined according to the Utermöhl method
Üthermöhl, 1958). Water samples (250 mL)  were collected with
ansen bottles and were immediately preserved with formalde-
yde, to a ﬁnal concentration of 2% formaldehyde–seawater
olution. Subsamples of 25 mL  were settled in counting chambers
or at least 12 h. Counting was performed for one transect of the
edimentation chamber using an inverted microscope with mag-
iﬁcations of 100×, 200×, and 400× for different taxa, depending
n their respective sizes. In the case of blooms or high abundances
f some species, counting was done in several randomly selected
elds. Whenever possible, the identiﬁcation was to the species
evel, although in some cases identiﬁcation has been to genus or
amily level.
.4. Anthropogenic pressure
Since the water quality assessment should be done in rela-
ion to anthropogenic pressure, preliminary evaluations of known
ressures that could possibly affect the water quality within the
tudy area were done using the land use pressures according to
orine Land Cover information system 2000–2006. Land uses sim-
liﬁed index (LUSI) was calculated according to Flo et al., 2011a.
ssessment of anthropogenic pressure on coastal zone by calculat-
ng the LUSI index using the publicly available data is described
n UNEP/MAP, 2011. The scoring system was slightly modiﬁed
nd presented in Table 1. Harbor areas (code 123) due to their
irect inﬂuence on water quality were scored separately from other
ndustrial inﬂuences. We  analyzed the area within 5 km radius from
he sampling sites to assure the precision of land pressure informa-
ion for stations, which are more distant from the coast.
.5. Statistical analysis
In order to enable comparisons between stations and the
nterpretation of results, differences arising from variable num-
er of data measurements due to different depths of stations
ere avoided by analyzing only the values from the surface layer.
ince data of Chl a concentrations have not shown normal dis-
ribution, they were log transformed prior to ANOVA analysis.
olmogorov–Smirnov and Lilliefors tests were used for testing the
ata normality. One-way ANOVA test was used for determination
f differences between stations in relation to various nutrients.
ost hoc testing using the least signiﬁcant difference (LSD) test was
erformed to pinpoint the origin of observed differences.
In addition to anthropogenic pressure information, environ-
ental and biological data were subjected to principal component
nalysis (PCA), in order to identify groups with similar variability.Indicators 56 (2015) 106–115
Only those principal components showing Eigenvalues greater
than 1 (Kaiser–Guttman criterion) were used. In order to obtain
a better insight into the behavior of the output loadings, the
orthogonal varimax rotation of extracted PC components was
used. This method simpliﬁes the interpretation because after a
varimax rotation each original variable tends to be associated with
one (or a small number) of orthogonal factors, and each of them
represents only a small number of variables.
Non-parametric Spearman rank correlations were used for the
analysis of untransformed data.
Relationship between calculated Menhinick index (M) and
abundance data (N) was  established introducing logarithmic equa-
tion of the form M = a + b log N to the ﬁeld data. This relationship was
found to be statistically signiﬁcant (R2 = 0.389; P < 0.01). Squares
estimation of parameters a and b and standard error are obtained as
a = (0.113 ± 0.008) and b = (−0.016 ± 0.002). The logarithmic equa-
tion also points to the maximum values of Menhinick index in the
case when abundance tends toward its minimum values (Minf).
Maximum values of M index were obtained from the ﬁeld data as
an arithmetic mean of at least 4 maximum values (Minf = 0.079).
Relationship between the abundance of various phytoplankton
species and environmental conditions were analyzed using Canon-
ical correspondence analysis (CCA). Environmental variables due
to different scale of measurements were standardized as follows:
standardized value = (original value − mean)/standard deviation. In
order to avoid colinearity of explanatory variables, oxygen, and
nitrates are omitted due to strong linear relationship with salin-
ity and silicates, respectively. Species abundances were fourth root
transformed, because of the non-normal distribution and outliers
observations, which can cause positively related variances of count
variables and their means. Dixon test for outliers was applied on
original data matrix. In order to reduce the large number of zeros
due to the occurrences of rare species, the data matrix was  reduced
to most frequent species and several species of the same genus were
pooled to genus level.
3. Results
3.1. Physical and chemical conditions
Annual mean salinity of surface water in the period from 2000
to 2007 at investigated stations was  in range from 35.6 to 36.9,
designating these waters as Type II according to the report of
MED  GIG phytoplankton group. More speciﬁcally, a water Type
II is deﬁned as coastal water, which is not directly affected by
freshwater inputs and with annual salinity mean between 34.5
and 37.5. Temperature (T) and salinity (S) ranges at investigated
stations measured in the water column are shown in Table 2.
Absolute T range was  from 6.4 to 28.7 ◦C due to seasonal variations
and differences in depths among the sites. Vertical T distribution
follows seasonal pattern, where warming starts in April and the
thermocline is developed at approximately 5–10 m in June. Tem-
perature maximum generally occurs in the surface layer in August.
Deepening of the thermocline generally continues until October,
after which the thermocline disappears. The exception was  noted
at station PL105 where, due to its shallowness, temperatures in
the water column are equalized in August. Vertically homogenous
T distribution is present throughout the December–March period
in the entire water column and minimal values are measured.
Absolute salinity range was between 24.8 and 38.7 (Table 2), with
higher ranges at SB203 and PL105 stations inﬂuenced by strong
Krka and Neretva rivers respective inﬂows, as well as at ST101 and
ST103 located in the Kasˇtela Bay, which are inﬂuenced by River
Jadro. Salinity range at CJ007 station placed in the Split Channel is
mostly related to seasonal pattern of precipitation. Dissolved total
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Table  2
Depth (m)  of sampling stations and ranges of temperature (◦C), salinity, oxygen saturation (%), nutrients (mmol  m−3), and secchi (m) in the water column at investigated
stations during period 2001–2007, and type of anthropogenic pressure (%) including urban, industrial and agriculture inﬂuence and harbor presence within radius of 5 km
from  station according to Corine Land Cover 2006.
PL105 SB203 ST103 ST101 CJ007
Depth 8 13 18 37 52
Temp  8.23–27.68 11.11–25.69 9.92–26.93 6.37–26.21 10.72–28.69
Salinity  31.32–38.00 24.79–38.56 29.19–38.28 29.60–38.33 34.56–38.75
Oxygen  88.10–118.33 88.29–122.72 83.48–144.64 90.52–123.65 87.47–119.75
Nitrate  0.04–8.42 0.03–16.12 0.002–12.95 0.05–8.57 0.01–3.56
Nitrite  0.002–1.017 0.010–0.328 0.012–0.850 0.001–0.546 0.001–0.340
Ammon. 0.05–6.00 0.20–4.27 0.09–11.82 0.08–7.27 0.13–3.68
Phosphate 0.012–1.875 0.011–0.245 0.025–2.150 0.012–0.363 0.002–0.201
Silicate  0.15–18.28 0.21–24.37 0.22–12.32 0.04 –5.72 0.10–9.58
Secchi  3–8 4–13 1–9 3–18 6–34
Urban  1 8 40 42 0
n
T
v
n
p
w
t
w
c
w
a
w
3
p
d
e
a
d
e
a
1
F
a
c
iIndustrial 0 3 
Agriculture 12 15 
Harbor  0 0 
itrogen concentrations (sum of nitrates, nitrites and ammonia;
IN) ranged between 0.17 and 24.90 mmol  m−3, with maximum
alues for each station in winter–spring period as a consequence of
utrient freshwater inputs and precipitation (Table 2). Orthophos-
hate (HPO42−) concentration range was 0.002–2.149 mmol  m−3,
ith higher values in winter and spring. Orthosilicate concen-
rations (range: 0.03–24.38 mmol  m−3) were also in accordance
ith precipitation and river input of SiO44− identiﬁed as increased
oncentrations in surface layer. In the warm period of the year
hen the water column is well stratiﬁed, increase in TIN, HPO42−,
nd SiO44− concentrations are found in the bottom layer of the
ater column due to dissolution of the nutrients from sediments.
.2. Factor analysis
Factor analysis among environmental variables, anthropogenic
ressure and phytoplankton indices (Chl a concentration and abun-
ance) extracted four signiﬁcant factors (eigenvalues >1) that
xplained 69% of variance. Factor 1 was deﬁned by salinity, nitrate
nd silicate and explained 26% of variance (Fig. 2). Factor 2 was
eﬁned by transparency (Secchi), LUSI, Chl a and abundance and
xplained 20% of variance. Factor 3 was deﬁned by ammonium
nd phosphate and factor 4 by temperature, explaining 13% and
0% of variance, respectively. Factor analysis showed that Chl a,
ig. 2. Principal component analysis (PCA) of environmental variables (temper-
ture, salinity, transparency, nitrate, nitrite, ammonium, phosphate, and silicate
oncentrations), anthropogenic pressure indicator (LUSI), and phytoplankton
ndices (phytoplankton abundance and chlorophyll a concentrations).13 3 0
12 26 0
2 3 0
phytoplankton abundance and transparency have similar variabil-
ity as the LUSI index, suggesting that these variables represent good
indicators of anthropogenic inﬂuence.
3.3. Spearman rank correlations
Spearman rank order correlations (Table 3) conﬁrmed sig-
niﬁcant correlations between phytoplankton indices and both,
anthropogenic indicators and freshwater inﬂuence. Concentrations
of Chl a signiﬁcantly correlated with nitrate and silicate concentra-
tions while phytoplankton abundance correlated with phosphate
(Table 3). Transparency showed signiﬁcant relation with all ana-
lyzed variables. Negative correlation between temperature and
silicate, nitrate and nitrite was  recorded.
3.4. Anthropogenic pressure
Preliminary quantiﬁcation of potential pressure revealed a wide
range of anthropogenic pressure among investigated stations. The
highest recorded LUSI index was 5 at station ST 103, followed by 3
at station ST 101, 2 at station SB 203, 1 at station PL 105, and 0 at
station CJ 007. The highest LUSI value at station ST 103 is attributed
to various inﬂuences. Urban areas cover 40% of the area in the ana-
lyzed radius of this station, 13% is industrial area, 12% agriculture
areas, and cargo port occupied 2% of surrounding area (Table 2).
About 40% of industrial area is mining activities. Station ST 101 is
under the same sources of anthropogenic pressure as station ST
103, but it is more distant from these sources. Urban areas cover
42% of the area in the analyzed radius of this station, 3% is industrial
area and 26% agricultural areas. Anthropogenic pressures at station
SB 203 calculated through LUSI index are attributable to agricul-
ture (15%) and urban inﬂuence (8%). According to Croatian national
organization for water management (Hrvatske vode), station PL 105
is not under any point source pollution, and subjected only to a
slight diffuse pollution due to soil inﬁltration and surface runoff.
Low LUSI value at station PL105 is attributed to various agricul-
ture areas (12%) and it is slightly above the threshold indicated
in Table 1. Almost 60% of these surfaces are agricultural areas
with signiﬁcant share of natural vegetation and the rest is olive
groves. There is no arable land inﬂuence. According to prior pre-
liminary anthropogenic pressure assessment, station PL 105 was
selected as a referent station due to its low anthropogenic pres-
sure and salinity range that correspond to a prototype of Type
II coastal water. Although the lowest LUSI index is calculated for
station CJ007, station PL105 is selected as a referent station due to
stronger freshwater inﬂuence, land vicinity and very weak anthro-
pogenic impact, making this station a representative of the area
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Table 3
Spearman rank order correlations between environmental variable (nutrients, salinity), antrophogenic pressure (LUSI), concentrations of chlorophyll a and phytoplankton
abundance.
LUSI Secchi Temp Salinity NO3− NO2− NH4− HPO42− SiO44− Chl a
Secchi −0.610*
Temp. −0.001 0.125*
Salinity −0.268* 0.309* −0.004
NO3− 0.158* 0.159* −0.375* −0.298*
NO2− 0.059 −0.193* −0.291* −0.064 0.331*
NH4+ 0.096 −0.176* −0.105 −0.013 0.157* 0.198*
HPO42− 0.203* −0.189* 0.058 0.026 −0.084 −0.012 0.125*
SiO44− 0.058 −0.318* −0.372* −0.212* 0.450* 0.329* 0.093 −0.079
33*
30 
w
i
T
c
F
r
wChl  a 0.600* −0.646* −0.206* −0.321* 0.2
Abund. 0.522* −0.319* 0.096 −0.361* −0.0
* p < 0.05.hose ecological status we would like to assess. The lowest LUSI
ndex at station CJ 007 is a result of its distance from the land.
he station is under some inﬂuence of municipal wastewater dis-
harges from the surrounding land, including both, the mainland
ig. 3. Difference between stations in relation to nutrients concentrations obtained usin
esults  in ANOVA test are showed by letters (a and b) labeled on the bars. Stations that d
hich  are not signiﬁcantly different from either of the other two are labeled with both le0.105 0.025 0.022 0.163*
−0.017 0.009 0.159* −0.107 0.423*and the islands. According to one-way ANOVA, there was  signiﬁ-
cant difference between stations in nutrient concentrations (Fig. 3).
Concentrations of NO3− and SiO44− were signiﬁcantly higher at sta-
tions SˇI 203, PL105 and ST 103, conﬁrming a stronger freshwater
g the one-way ANOVA analysis. Results of post hoc analysis in cases of signiﬁcant
o not have signiﬁcantly different means are labeled with the same letter. Stations,
tters (a and b).
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Fig. 4. Difference between stations in relation to phytoplankton abundance and
chlorophyll a concentrations obtained using the one-way ANOVA analysis. Results
of  post hoc analysis in cases of signiﬁcant results in ANOVA test are showed by letters
(a  and b) labeled on the bars. Stations that do not have signiﬁcantly different means
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ŠI203  
PL105 re labeled with the same letter. Stations, which are not signiﬁcantly different from
ither of the other two are labeled with both letters (a and b).
nﬂuence at these stations in comparison to stations ST 101 and CJ
07. The highest concentrations of HPO42− at ST 103 signiﬁcantly
ifferentiated this station from other investigated sites, due to the
ighest urban inﬂuence at this station. There was no signiﬁcant
orrelation between stations in relation to NH4+ and NO2− con-
entrations. Nevertheless, a signiﬁcant difference between station
T 103 with the highest concentrations of NH4+ and NO2− and
tation SˇI 203 with the lowest concentration of these nutrients was
ecorded (p < 0.05). According to nutrients, the highest eutrophica-
ion inﬂuence including both freshwater and urban inﬂuence was
t station ST 103.
.5. Concentrations of chlorophyll a (Chl a)
Signiﬁcant difference in Chl a concentrations between sta-
ions with variable anthropogenic inﬂuences according to LUSI is
evealed by ANOVA analysis (Fig. 4). Chlorophyll a concentrations
ere calculated as the 90th percentiles, which represents a recog-
ized statistical approach designed to encompass the spread of data
nd omit highly skewed values which could be recorded during the
loom period (Clarke and Warwick, 1994). Chl a data from investi-
ated stations calculated as 90th percentiles were plotted against
ts risk assessment. Since station PL 105 was selected as the refer-
nt station according to its physical and chemical characteristics
nd due to weak anthropogenic pressure, the 90th percentile of
hl a values recorded at this station was used as referent value.
he 90th percentile at station PL 105 was 0.95 mg  m−3. Signiﬁ-
ant exponential relationship between the concentrations of Chl
 (90th percentile) and LUSI index was described by equation
 = 0.642 * exp(0.3542 * x) (y = the 90th percentile of Chl a; x = LUSI
ndex) (p < 0.001).
Boundary values for high (H)/good (G), good (G)/moderate (M),
nd moderate (M)/poor (P) classes were calculated applying this
quation for LUSI values of 2.5, 4, and 5.5, respectively. These LUSI
hresholds were chosen using two criteria: equidistance in LUSI
alues and signiﬁcant difference in Chl a concentration between
tations with different LUSI values (Fig. 4). Obtained boundary val-
es for the 90th percentile of Chl a for H/G, G/M, M/P  classesFig. 5. Seasonal distribution of chlorophyll a concentrations at investigated stations
during analyzed period from 2001 to 2007.
were 1.56, 2.65, and 4.51, respectively. Ecological quality ratio
(EQR) is the relationship between observed and reference condi-
tion value, with numerical values between 0 and 1. EQR values
obtained through this study for boundary values for H/G, G/M, and
M/P  classes are 0.61, 0.36, and 0.21, respectively.
Changes in seasonal cycle were recorded at station ST103,
which is under the strongest anthropogenic pressure (Fig. 5). Slight
changes at station ST101 were visible through the increase of
biomass in September during stratiﬁcation conditions. At all other
analyzed stations autumn–winter and spring maxima followed by
summer stagnation were recorded.
3.6. Phytoplankton abundance and community composition
Signiﬁcant differences among risk assigned stations in phy-
toplankton abundance were recorded (Fig. 4). Conversely to Chl
a, phytoplankton abundance did not signiﬁcantly differentiate
between stations ST103 and ST101, nor separate the most land-
distant station CJ007. Abundances were similar at referent station
PL105 and station CJ007, which is in the area subjected to the
same sources of anthropogenic pressure as stations ST101 and
ST103, but it is more distant from the source of pressure. Abun-
dances (90th percentile) at investigated stations were as follows: at
PL105 it was 4.2 × 105 cells L−1, at station CJ007 4.6 × 105 cells L−1,
at station SˇI203 6.9 × 105 cells L−1, at station ST101 1.6 × 106, and
station ST103 3.4 × 106 cells L−1.
Spearman rank correlations between phytoplankton abundance
and calculated diversity indices revealed Menhinick index (M)  as
the most signiﬁcant indicator of elevated phytoplankton counts
(Table 4). Relation between the abundance and Menhinick index
revealed low diversity during high phytoplankton abundances,
while both, low and high diversities were recorded during lower
phytoplankton abundances (Fig. 6). ANOVA and post hoc analysis of
Menhinick index values obtained at investigated stations showed
signiﬁcant difference (p < 0.05) between stations, separating the
stations SˇI203 and CJ007 with higher diversity from stations PL105,
ST101, and ST103 with lower diversity. Referent station PL105 was
signiﬁcantly different only from station SˇI203, characterized with
the highest recorded diversity and medium anthropogenic pressure
determined as LUSI 2.
Results of CCA analysis showed that abundances of speciﬁc
taxa were determined by environmental variables (Fig. 7). Per-
mutation test conﬁrmed linear relationship between species’
abundances and environmental variables (p < 0.0001). The ﬁrst two
axes explained 61.49% of variance. The increase in abundance with
increasing concentrations of phosphate and anthropogenic impacts
estimated through LUSI index was  shown by Scrippsiella trochoidea
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Table 4
Spearman rank order correlations between phytoplankton abundance and different
diversity and evenness indices..
Diversity index Spearman Rank
Margalef
d = (S − 1)/ln N 0.51*
Pielou’s evenness
E1 = H′/ln S −0.34
Simpson
D  =
∑
si = 1Ni/(Ni − 1)/N(N − 1) 0.10
Hill N1 −0.02
N1 = exp(H′)
Hill N2 0.10
N2 = 1/Simpson’s
Menhinick −0.80*
D = S/
√
N
Species no. 0.62*
Shannon −0.02
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Fig. 7. Canonical correspondence analysis (CCA) between environmental explana-
tory variables and the most frequent phytoplankton taxa. The explanatory variables
are represented by lines. Taxa abbreviations: Cera, Cerataulina spp.; Ch, Chaetoceros
spp.; Cy, Cyclotella spp.; GF, Guinardia ﬂacida; HH, Hemiaulus hauckii; Lep, Lepto-
cylindrus spp.; CC, Cylindrotheca closterium; Pse, Pseudonitzschia spp.; PA, Proboscia
alata; Rh, Rhizosolenia spp.; Ske, Skeletonema marinoii.; Gym, Gymnodinium spp.;H′ = −
∑
si = 1 = Ni/N ln Ni/N
* Bold values are signiﬁcant at p < 0.05.
Stein), Guinardia ﬂaccida (Castracane) H. Peragallo, Leptocylindrus
pp, Prorocentrum spp., Proboscia alata (Brightwell) Sündstrom fol-
owed by Eutreptiella spp. and Pseudonitzschia spp. Strong negative
elationship with salinity was recorded for diatom Skeletonema
arinoii. Taxa Eutreptiella spp., Prorocentrum spp., Proboscia alata,
eptocylindrus spp., and Scrippsiella trochoidea were positively
elated to temperature while Chrysophyceae group favored lower
emperature and increased nitrite concentration.
Positive relation with ammonium was recorded for Cyclotella
p., Scrippsiella trochoidea,  and Guinardia ﬂaccida. Other analyzed
axa were close to the origin of the ordination plot and did not
how distinct relation with used explanatory variables.
. Discussion
In order to contribute to the implementation of European direc-
ives in Croatian waters, environmental research study aiming
o understand how the phytoplankton community responds to
nthropogenic pressure was conducted. Research was conducted
ccording to the requirements of water-related European direc-
ives (Directive 2000/60/EC and Directive 2008/56/EC), known
espectively as WFD  and MSFD, which were developed to facilitate
anagement and protection of the marine ecosystem. Ecologi-
al status assessment is the ﬁrst step in the ecosystem-based
ig. 6. Phytoplankton abundance and Menhinick diversity index relation obtained
or  the investigated data set.Gyro, Gyrodinium spp.; Pro, Prorocentrum spp.; ST, Scripsiella trochoidea; Chryso,
Chrysophyceae spp.; Cocco, Coccolithophoridae spp.; Eu, Eutreptiella spp.
management. Since quality assessment should be water type
speciﬁc, suggested boundary conditions concern coastal waters,
which are not directly affected by the freshwater inputs (Type
II) with annual mean salinity in surface layer between 34.5 and
37.5 (WFD, Intercalibration technical report, 2009). In order to
obtain a clear response of phytoplankton indices to the intensity
of anthropogenic pressure in Croatian waters, sampling stations
encompassing a wide range of pressure degree were selected.
Investigated stations are under urban wastewaters, agricultural
and industrial inﬂuences and according to previous assessments
(Krstulovic´ et al., 1997; Marasovic´ et al., 1991; Vilicˇic´, 1989) cover a
wide eutrophication gradient. This was  also conﬁrmed in the course
of our study through quantiﬁcation of anthropogenic pressure level
using the LUSI index to ensure the sensitivity of indices. The ﬁrst
problem aroused while selecting the referent station based on LUSI,
because the lowest LUSI value was  calculated for station (CJ007)
which is more distant from land than other stations and has a com-
paratively lower residence time than stations closer to the coast
which are under the same anthropogenic sources inﬂuence (Tudor
and Beg Paklar, 2014). Consequently, the station CJ007 is charac-
terized by higher salinity value, which is close to the boundary
limit for this water type. Because of these reasons station CJ007
was excluded as a referent station. Furthermore, the referent sta-
tus was allocated to station PL105 based on its low preliminary
assessed anthropogenic pressure, despite the fact that this station
is the nearest to the coast and located in a somewhat sheltered
area (Mali Ston Bay). Station PL105 is under a slight inﬂuence of
agricultural activities from the surrounding landscape character-
ized with signiﬁcant grounds covered by natural vegetation. The
selection of referent station thus revealed the weakness of LUSI
index for waters, which are further away from the land. Secondly,
in the course of this study we recorded another problem related
to EQR values, which could attain values higher than 1 at stations
which are further away from the land (e.g., station CJ007), but still
belong to water type II according to salinity means. According to
ogical 
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FD  CIS Guidance Document No. 5, EQR values higher than 1 are
cceptable for phytoplankton. This discrepancy is caused by the
eakening of the anthropogenic and freshwater inﬂuence with
istance from the land and should be taken into consideration in
oastal water management and water quality assessments. Physi-
al, chemical and biological characteristics, as well as land inﬂuence
re changed signiﬁcantly with distance from the coast, as it is well
ocumented in recent studies (Flo et al., 2011b; Sebastiá et al.,
012). Freshwater tidal estuarine zones often support dense phy-
oplankton communities, with higher chlorophyll a concentrations
han those found downstream (Muylaert et al., 2000). Freshwater
nﬂuence on the investigated stations is reﬂected through the nutri-
nts composition, with increasing concentrations of nitrates and
ilicates at more diluted stations (Figs. 3 and 4). Signiﬁcant dif-
erences across regions and between speciﬁc coastal ecosystems
ithin regions in the response of phytoplankton biomass to chang-
ng nutrients regime was also reported (Carstensen et al., 2011). In
rder to allow comparison of results considering the water quality
ssessment according to phytoplankton indices, it should be con-
idered in relation to water speciﬁc type and within certain distance
rom the coast.
Advanced statistical analyses were applied in order to test
he response of suggested phytoplankton indices to environmen-
al disturbance. According to factor analysis and ANOVA test,
here is signiﬁcant relation between concentration of chlorophyll
 and both, anthropogenic and freshwater inﬂuences. Clear gra-
ient between concentration of chlorophyll a and pressure index
LUSI), which empirically ﬁts to exponential equation is obtained.
xponential relationship between chlorophyll a and transparency,
hich was used as trophic measure was reported back in 1977
Carlson, 1977) and was explained with additional production of
hlorophyll a in response to subdued light intensity due to algal
iomass augmentation. Nevertheless, relationship between con-
entration of chlorophyll a and nutrients is expected to ﬂatten out
ecause of self-shading and allelopathy.
Among eight tested indices related to diversity and evenness,
enhinick index (M), Margalef index (d), and species number (S)
ere found to be signiﬁcantly correlated to abundance. In this
tudy, phytoplankton biodiversity was assessed using the Men-
inick index due to its strong and signiﬁcant correlation with
bundance. Effectiveness of Menhinick diversity due to its con-
istent and linear change through the trophic gradient has been
ocumented (Spatharis and Tsirtsis, 2010).
Phytoplankton biodiversity was the highest at station (SB203)
ith only a moderate increase of anthropogenic pressure in com-
arison to referent station PL105. The lowest diversities were
ecorded at both, referent station (PL105) and stations under
tronger anthropogenic pressures (ST101, ST103). The obtained
esults support the intermediate disturbance level hypothesis,
hich predicts large species number in areas subjected to inter-
ediate levels of disturbance (Huston, 1979; Sommer et al., 1993).
ccordingly, in situations where disturbance is minimal, species
iversity is reduced because of competitive exclusion between
pecies, whereas with slight increase of disturbance competition is
elaxed, thus resulting in increased diversity. With further disturb-
nce increase, diversity drops again because of species reduction
ue to stress. The study of Spatharis et al. (2007) in the Aegean
ea supports the view that moderate nutrient inputs stimulate
axonomic diversity while high nutrient concentrations have a neg-
tive effect on diversity through the dominance of a single species.
inimal diversities during both, monospeciﬁc blooms which are
haracterized with highest density and during the lowest densi-
ies, were reported from Orbetello lagoon (Tuscany) (Nuccio et al.,
003). Low diversity during monospeciﬁc blooms is also well docu-
ented (Nuccio et al., 2003; Coelho et al., 2007). Besides nutrients,
hytoplankton community composition is strongly inﬂuenced byIndicators 56 (2015) 106–115 113
turbulence (Wyatt, 2013). Diversity of phytoplankton community
depends on phylogenetic phytoplankton group inoculums at inves-
tigated area. Dinoﬂagellates exhibit high diversity in habitat
preference, but low bloom-species diversity within these habitats,
while diatoms show low habitat diversity but high bloom-species
diversity (Smayda and Reynolds, 2003). Since our results are in
accordance with the above-mentioned theory, and knowing that
environmental parameters other then nutrients also determine the
phytoplankton community, we believe that diversity index is not a
sufﬁciently clear indicator of eutrophication process to be used for
water quality assessment.
CCA analysis revealed the phytoplankton taxa whose abun-
dances could be used in water quality assessment in relation to
eutrophication process. Although the problem of indicator species,
which could be present at one place and absent at other due to
their spatial, geographic and natural variability is under discus-
sion (Mouillot et al., 2006; Degerlund and Eilertsen, 2010), there
are less impediments if these species are to be used in areas
where they occur, i.e., locally. According to our results, increased
abundances of Skeletonema marinoii, Scrippsiella trochoidea,  Guinar-
dia ﬂaccida, Leptocylindrus spp., Prorocentrum spp., Proboscia alata,
Eutreptiella spp., and Pseudonitzschia spp. are indicative of nutri-
ent loads and increasing eutrophication process in type II waters in
the eastern Adriatic. Fast growth of Pseudonitzschia species during
nutrient-rich conditions is reported in the Eastern Mediterranean
(Spatharis et al., 2007). The present study conﬁrmed diatoms as the
opportunistic group when nutrient availability is concerned, as was
recognized in previous studies (Fogg, 1991; Sebastiá et al., 2012).
Selected species are common in the Mediterranean region and
show the intensive growth in nutrient rich embayments (Moncheva
et al., 2001) suggesting that they are good indicators of eutrophica-
tion process. The present study differentiated Skeletonema marinoii
as the indicator of freshwater inﬂuence and dinoﬂagellate Scripp-
siella trochoidea as the indicator of urban inﬂuence, probably due
to diatoms’ demand for silica.
Water quality assessment in Croatian waters through phy-
toplankton indices uses concentration of chl a. The method is
described in Section 3.5. Concentration of chl a is used because
the factor analyses associated chl a and phytoplankton abundance
with anthropogenic pressure indicator LUSI and transparency, thus
showing that these parameters have similar variability. In addi-
tion, concentrations of chl a differed signiﬁcantly among stations
under different anthropogenic pressure degrees. Phytoplankton
abundances did not differentiate between stations under anthro-
pogenic pressure quantiﬁed by LUSI index values of 3 and 5.
Problems with abundances arise from different sizes of counted
cells, as smaller cells could be overlooked when microplankton
dominates in the community. If phytoplankton abundances are to
be used in the water quality assessment, it is necessary to deﬁne
the size of phytoplankton cells that will be counted (Revilla et al.,
2009).
Boundary values according to WFD  requests for concentration
of chlorophyll a obtained in this study are much higher than those
obtained in the eastern Mediterranean Sea (Simboura et al., 2005;
Pagou et al., 2002) and lower than those published for UK marine
waters (Devlin et al., 2007). Differences in the productivity of the
cited areas, vicinity of the investigated stations to land and fresh-
water source, as well as different methods applied on data set for
boundary settings could be some of the reasons for this divergence.
For example, the Eastern Mediterranean Sea is often characterized
as one of the least productive seas of the world, on the basis of
prevailing low nutrient levels, impoverished phytoplankton popu-
lations, and low productivity (Kimor and Wood, 1975; Berman et al.,
1984; Dowidar, 1984; Azov, 1991; Krom et al., 1991; Ignatiades
et al., 1995; Ignatiades, 1998). Concentrations of chlorophyll a
obtained in the present study are very similar to those obtained
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n the Bay of Biscay (northern Spain) (Revilla et al., 2009). The
alues were determined in the same period of investigation, but
ifferent methods for boundary settings were applied on the data
ets.
The results of the environmental research obtained in this
tudy revealed that the concentration of chlorophyll a and abun-
ance of indicator species distinctly respond to the anthropogenic
ressure. However, because of the ambiguous relationship with
utrients loads, phytoplankton diversity is not a reliable indi-
ator of anthropogenic pressure. Further analyses to determine
he boundary values for selected indicator species should be
erformed. Water quality assessment in accordance with EU water-
elated directives has shown the importance of distance from the
oast when selecting a referent station and stations for quality
ssessment.
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